Fine prehensile activities are often thought to have been associated with the evolution of the human hand. However, there has been no holistic approach establishing the link between the morphology of the forelimb and grasping ability in living primates. The present study investigated the possible relationships between grasping behaviour and the morphology of the forelimb in strepsirrhines in a phylogenetic context. To do so, grasping behaviour during feeding and the shape of the long bones of the forelimb were analysed for 22 species of strepsirrhines. The data obtained show that there is a phylogenetic signal in forelimb morphology in primates in relation to grasping behaviour, but also that there is a marked co-evolution between grasping behaviour and the shape of the humerus and radius. This latter finding suggests a functional association between grasping and forelimb shape, which in turn suggests that bone shape constrains or facilitates behaviour. This result may permit future inferences to be made regarding this behaviour in extinct species and deserves further examination in more detail.
INTRODUCTION
The ability to grasp with the hands and the feet, and the anatomical characteristics that underlie that ability, tend to appear in all major groups of tetrapods (Whishaw et al., 1992; Whishaw & Coles, 1996; Gray et al., 1997; Iwaniuk & Whishaw, 2000; Manzano et al., 2008; Fabre et al., 2013b; Sustaita et al., 2013) . A wide range of important functions are made possible by, and require, grasping, including maintaining secure contact with an arboreal substrate (Lemelin & Schmitt, 2007; Fabre et al., 2017; Lowie et al., 2018) , holding a food item during feeding/prey capture (Pouydebat et al., 2006 (Pouydebat et al., , 2014 Toussaint et al., 2013) , gripping a female during mating (Ewer, 1973; Sustaita et al., 2013) , holding another individual during a fight (Ewer, 1973; Sustaita et al., 2013) , and playing and carrying an infant (Bishop, 1962; Sustaita et al., 2013; Peckre et al., 2016) . Thus, grasping can be seen as a key behaviour that has played an important role in the evolutionary success of many tetrapod lineages (Sustaita et al., 2013) . It is assumed that the anatomical features that facilitate grasping evolved in association with this behaviour (Fabre et al., 2013a (Fabre et al., , b, 2017 ). Here we focus on the relationship between the forelimb long bones and grasping ability to explore whether this is indeed the case.
Among mammals, primates are recognized as being especially adept at grasping and manipulation, and most can grasp an object by using a prehensile grip; however, there is significant variation in the types of grasping and in hand, wrist and forelimb anatomy within the order (Wood-Jones, 1916; Christel, 1993; Napier, 1993; Fragaszy, 1998; Byrne et al., 2001; Pouydebat et al., 2009 Pouydebat et al., , 2011 Reghem et al., 2013; Toussaint et al., 2013; Bardo et al., 2016) . This ability has been recognized as a key evolutionary innovation associated with the origin of the order Primates and as a central factor in the evolution of this lineage (Napier, 1960; Marzke, 1997; Susman, 1998; Pouydebat et al., 2008 Pouydebat et al., , 2014 Tocheri et al., 2008) . Thus, primates make an ideal group for studying the relationship between grasping ability and forelimb anatomy.
To better understand the origin and evolution of grasping, there is a need for comparative, phylogenetically informed studies including osteological material of both extant and fossil taxa (e.g. Almecija et al., 2015) . Furthermore, behavioural inferences of grasping based on skeletal elements in living animals are essential for interpreting those fossils accurately. In this context, we use strepsirrhine primates as a model to quantify both the shape of the long bones of the forelimb and grasping behaviour. Strepsirrhine primates are chosen because they are represented by a robust fossil record (e.g. Jungers et al., 1991; Marivaux et al., 2001) , because their phylogenetic relationships are well understood (Herrera & Dávalos, 2016) , and because they show variation in the morphology and use of the forelimb during locomotion (Oxnard et al., 1990; Fabre et al., 2017) and grasping behaviour (Bishop, 1962; Peckre et al., 2016 Peckre et al., , 2019 Young & Heard-Booth, 2016) . Forelimb morphology also varies considerably based on locomotion and manipulation (Peckre et al., 2016; Young & Heard-Booth, 2016; Fabre et al., 2017 Fabre et al., , 2018a : some strepsirrhines are vertical clingers and leapers with powerful limbs and long digits such as sifaka (Propithecus), bamboo lemurs (Hapalemur) and some bushbabies (Galago); others such as lorises (Loris and Nycticebus) have specialized gracile limbs and hands that are wellsuited for pincer grasping; some quadrupedal species have highly specialized hands and digits for insect foraging such as the aye aye (Daubentonia madagascariensis); and finally, there are arboreal quadrupedal species with more generalized hands ( many of the other lemur species: Lemur, Varecia, Eulemur, Otolemur) .
Previous studies in strepsirrhines have shown that the forelimbs are impacted by loading patterns during both locomotion (Fabre et al., 2018a) and manipulation (Bishop, 1962; Fabre et al., 2013b) , with those portions of the bones associated with hand and wrist motion presumably being most reflective of grasping ability. Internal muscular forces represent important mechanical stimuli influencing bone strength and shape (e.g. Turner, 2007; Ireland et al., 2013) . In this study, we used the long bones of the forelimb because the majority of the muscles allowing mobility of the wrist, hand and fingers have their origin on these bones (Argot et al., 2003; Fabre et al., 2013a, b) . Therefore, they should be good indicators of the movements at the wrist, hand and fingers, and overall of manual grasping ability. Their shape, and especially the shape of the articulations, should reflect the manual movements occurring during grasping behaviour. Here, we focus on the use of grasping during food manipulation as it provides an ecologically relevant behaviour that can be studied for a wide variety of species under standardized conditions. We aim to investigate the co-variation between grasping behaviour and the shape of each long bone of the forelimb in a phylogenetic context. We predict that the shape of the bones that contribute to supination and pronation and that serve as attachment sites of the flexor musculature, such as the radius and distal humerus, will show stronger co-variation with grasping behaviour than bones that are more strongly associated with load bearing such as the ulna (Fabre et al., 2013a (Fabre et al., , b, 2017 (Fabre et al., , 2018a .
MATERIAL AND METHODS

OsteOlOgical sample and data cOllectiOn
The osteological dataset consists of three-dimensional (3D) images of the three long bones of the forelimb (humerus, ulna and radius) collected for 87 specimens belonging to two species of Cheirogalidae, two species of Galagidae, one species of Daubentoniidae, one species of Indriidae, 13 species of Lemuridae and three species of Lorisidae (Table 1 ; Supporting Information, Table S1 ). Specimens were obtained from the collections of Anatomie Comparée, Muséum National d'Histoire Naturelle (MNHN), Paris, France; from the research collection at Brunoy, France; from the Royal Museum for Central Africa, Tervuren, Belgium; and from the Smithsonian National Museum of Natural History, Washington, DC, USA (Table S1) , and were noncaptive. Bones were digitized using a 3D white light fringed surface scanner (Breuckmann StereoSCAN3D model with a camera resolution of 5 megapixels) at the MNHN, Paris, following the methodology described in detail by Fabre et al. (2014 Fabre et al. ( , 2017 Fabre et al. ( , 2018a .
BehaviOural sample and data cOllectiOn
In addition, behavioural data for 86 individuals belonging to the same 22 species included in the osteological dataset were collected and analysed ( Each individual was videotaped for 5-7 days, in its home enclosure, while eating its daily diet consisting of different food items including raw pre-cut pieces of fruit and vegetables as well as monkey chow (Labdiet Monkey Diet Jumbo Constant Nutrition and ZuPreem Primate Dry Diet). One Eulemur albifrons individual died during the week in which it was videotaped, and thus we were only able to film it for a single day. All the animals studied showed normal behaviour and no abnormalities or disease. Animal handling was performed in compliance with the International Primatological Society (IPS) Guidelines for the Use of Nonhuman Primates in Research according to protocol IACUC #A089-14-04 approved by the Duke University Institutional Animal Care and Use Committee.
data analysis Of grasping BehaviOur
The different grasping strategies used while the animal was manipulating a food item were quantified by analysing the video recordings using Avidemux (2.6.8, Free Software Foundation, Inc.). Five grasping strategies were defined depending on the body part(s) involved: oral (with the mouth), unimanual (one hand), bimanual (two hands), combined oral-unimanual and combined oral-bimanual. Because food size impacts grasping behaviour (Pouydebat et al., 2006; Toussaint et al., 2013; Peckre et al., 2019) , two categories of items were defined: big, when the item was bigger than the width of the palm of the focal species, and small, when the item was smaller than the width of the palm of the focal species. For each category, we included in the calculation only individuals that were observed for at least five grip events, and behavioural observations of both large and small food types being grasped were included conjointly in all subsequent analyses (Table S2 ). The proportions were arcsine-transformed before further analyses. For more details on this static food grasping protocol see Peckre et al. (2016) .
data analysis
The following analyses were performed on the whole data set as well as on a data set in which the slender loris (Loris tardigradus) was removed to test whether the presence of this species was driving the observed patterns.
QuantificatiOn Of shape using 3d geOmetric mOrphOmetrics
The shape of the forelimb is complex and cannot be adequately represented using a traditional anatomical landmark-based approach (Fabre et al., 2013a (Fabre et al., , b, 2014 (Fabre et al., , 2015a (Fabre et al., , b, 2017 . Consequently, a 3D sliding semi-landmark procedure (Bookstein, 1997; Gunz et al., 2005) was used to quantify the shape of each of the long bones of the forelimb (Fabre et al., 2017) . This procedure allowed semi-landmarks to slide along predefined curves and surfaces while minimizing the bending energy. Thus, sliding semi-landmarks are transformed into spatially homologous landmarks that can be used to compare shapes (Parr et al., 2012) . The software package Idav Landmark (Wiley et al., 2005) was used to provide the anatomical landmarks and sliding semi-landmarks of curves on surface scans of each of the long bones, while the R (R Core Team, 2017) library 'Morpho' (Schlager et al., 2017) was used to perform the sliding semi-landmark procedure. More details on the protocol behind this procedure are given by Fabre et al. (2017) . Once all landmark data were obtained after this procedure, a generalized Procrustes superimposition (Rohlf & Slice, 1990 ) was performed using the R library 'Geomorph' (Adams & Otárola-Castillo, 2013; Adams et al., 2017) . Finally, a mean shape was calculated for each species using the Procrustes coordinates and this was used in all further analyses.
phylOgeny
The phylogenetic tree of strepsirrhines used in our analyses is a time-calibrated phylogeny obtained from Herrera & Dávalos (2016) . This tree was used in all the analyses requiring the phylogeny (such as calculation of the phylogenetic signal and phylogenetic co-variation).
phylOgenetic signal
To estimate phylogenetic signal in forelimb shape and grasping behaviour we used the multivariate K-statistic (Adams, 2014) . It was calculated based on the mean of the Procrustes coordinates of each species for the shape of each long bone and the arcsine-transformed proportion of grasping behaviour, using the Geomorph library. The higher the K-value, the stronger the phylogenetic signal. A K-value of 1 corresponds to character evolution under Brownian motion.
cO-variatiOn Between fOrelimB and grasping
BehaviOr
A two-block partial least squares analysis (2B-PLS; Rohlf & Corti, 2000) was performed using the R library Geomorph. It allows the study of co-variation between grasping behaviour and the shape of each of the long bones of the forelimb. A covariance matrix was calculated from two blocks representing the variation of the two objects (grasping behaviour vs. humeral shape, ulnar shape and radial shape). A PLS correlation coefficient between the two blocks of the PLS (rPLS) was calculated to estimate the degree of co-variation using the function 'two.b.pls' following the PLS method (Bookstein et al., 2003) . A significance test was based on 1000 permutations of the landmarks in one block relative to those of the scores of the other, and a sampling distribution of coefficients was obtained by resampling. The P95-value is calculated by comparison of the observed PLS coefficient to those obtained after resampling. The significance of each linear combination was assessed by comparing the singular value (PLS coefficient) to those obtained from permuted blocks. If the PLS coefficient was higher than those obtained from permutated blocks, its associated P95-value was considered to be significant.
Because species share an evolutionary history, they cannot be treated as independent data. Thus, we also conducted 2B-PLS in a phylogenetic framework (Felsenstein, 1985; Harvey & Pagel, 1991) using the 'phylo.integration' function (Adams, 2014) in the Geomorph library of R. This function allows us to quantify the degree of co-variation between the mean shape of each species for each long bone and grasping behaviour while accounting for phylogeny using a partial generalized least squares algorithm under a Brownian motion model of evolution (Adams & Felice, 2014) . Evolutionary PLS scores were calculated from the two blocks of phylogenetically corrected data, and the evolutionary correlation between the two blocks of the PLS scores (rPLS) was evaluated. PLS correlation significance was assessed using phylogenetic permutation, where the shape or the grasping behaviour values for all species for one block are permutated on the tips of the phylogeny. The correlation scores thus derived were obtained from the permutated datasets and can be compared to the observed value.
shape visualizatiOn
To visualize the shape at each extreme of the 2B-PLS axis, and thus to evaluate the kind of bone shape that is associated with a given grasping behaviour, a thinplate spline (TPS) deformation of a 3D-scanned long bone was performed (Rohlf & Corti, 2000; Zelditch et al., 2012) . Details of the computation are given in Bookstein (1989 Bookstein ( , 1991 and Rohlf (1993) . Shape visualization was performed using the 'plsEffects', 'warp.mesh' and 'shade3d' functions of the 'rgl' (Adler & Murdoch, 2012) and 'Morpho' (Schlager, 2017) 
RESULTS
phylOgenetic signal
There was a weak but significant phylogenetic signal in grasping behaviour (K mult = 0.28, P = 0.001) and in ulnar and radial shape (ulnar shape: K mult = 0.42, P = 0.001; radial shape: K mult = 0.38, P = 0.001). A moderate and significant phylogenetic signal was observed in humeral shape (K mult = 0.61, P = 0.001).
cO-variatiOn Between each lOng BOne Of the fOrelimB and grasping BehaviOur
Humeral shape and grasping behaviour
There was a significant co-variation between grasping behaviour and humeral shape (R PLS = 0.65, P = 0.01; Fig. 1 ). However, when phylogeny was taken into account, the co-variation was no longer significant (R PLS = 0.62, P = 0.09). The scatter plot of the traditional 2B-PLS (Fig. 1) differentiates species that mainly use one hand to grasp large food items and one or two hands to grasp small food items on the negative side of the axis, such as the slender lorises (Loris tardigradus), from other species that use the mouth in combination with manual grasping behaviours (such as combined oral-unimanual and combined oral-bimanual). Species mainly grasping with one hand have a relatively gracile, straight and elongated humerus with a lateral crest that is not well developed, a distal articulation with a wide and round capitulum in comparison to the trochlea that is narrow and deep, and a humeral head that is orientated proximally (Fig. 1) . In contrast, species mainly using oral and other grasping behaviours have a relatively robust and curved humerus with a well-developed lateral and deltopectoral crest, a distal articulation with a small capitulum in comparison to the trochlea that is elongated and shallow, and a humeral head that is orientated medially (Fig. 1) . When the slender loris (Loris tardigradus) was removed from the data set, the results for covariation between grasping behaviour and humeral shape were very similar to those for the whole sample (R PLS = 0.62, P = 0.036; Fig. 2 ) even when taking into account the phylogeny (R PLS = 0.60, P = 0.20).
Ulnar shape and grasping behaviour
There was no significant co-variation between grasping behaviour and ulnar shape using either traditional (R PLS = 0.59, P = 0.052) or phylogenetic 2B-PLS (R PLS = 0.73, P = 0.056). The results for the covariation analysis performed on the sample without the slender loris (Loris tardigradus) were not significant, as was the case for the analyses performed on the whole data set (R PLS = 0.72, P = 0.02) even when taking into account the phylogeny (R PLS = 0.53, P = 0.26).
Radial shape and grasping behaviour
There was significant co-variation between grasping behaviour and the shape of the radius (R PLS = 0.7, P = 0.02). However, when phylogeny was taken into account, the co-variation was no longer significant (R PLS = 0.53, P = 0.2). The scatter plot of the traditional 2B-PLS tends to differentiate the slender lorises (Loris tardigradus) at the positive side of the axis from all other species at the negative side (Fig. 3) . At the positive side, species mainly use their mouth, combined oral-unimanual or combined oral-bimanual behaviours to grasp big items. Moreover, these species tend to use the mouth and combined oral-unimanual behaviours to grasp small items. A robust radial shape is associated with these grasping behaviours. The radius also displays a medio-lateral curvature, a wide proximal articulation with a narrow lip, a distal radial notch that is anteriorly orientated, and a prominent styloid process (Fig. 3) . In contrast, species at the negative side of the scatter plot mainly use one hand to grasp big items and one hand and two hands to grasp small food items. The associated shape reveals a relatively gracile radius and an antero-posteriorly curved diaphysis, a narrow proximal articulation with a wide lip, a distal radial notch that is dorsally orientated, and a small styloid process (Fig. 3) . When analyses were performed on the sample without the slender loris (Loris tardigradus), the results remained significant (Fig. 4) and similar to those performed on the entire data set (R PLS = 0.72, P = 0.02), even when taking into account the phylogeny (R PLS = 0.72, P = 0.09).
DISCUSSION
How grasping is linked to the shape of the forelimb is a long-standing question that can deeply impact our understanding of the functional morphology and palaeobiological reconstructions of this behaviour in extinct species. Grasping behaviour in relation to bone morphology has been studied mostly using simplified categories or scores (Iwaniuk & Whishaw, 2000; Fabre et al., 2013b) . Consequently, how grasping behaviour influences forelimb shape in particular has remained unclear. In this study, we quantitatively examine the relationships between grasping behaviour during food manipulation and the shape of each long bone of the forelimb in feeding and phylogenetic contexts using a comprehensive sample of strepsirrhine primates.
effect Of phylOgeny
The results show a significant but rather low phylogenetic signal in grasping behavior, suggesting that closely related species tend to have a similar grasping behavior, as demonstrated previously (Peckre et al., 2016) . The results are similar for the shape of the long bones of the forearm (ulna and radius), which are also impacted by the phylogeny to a lower degree. The humerus, on the other hand, shows a stronger phylogenetic signal. A previous study using morphological data of the forelimb including more species (Fabre et al., 2017) showed a stronger signal, suggesting that adding additional species to this analysis may increase the observed phylogenetic signal in long bone shape.
cO-variatiOn Between grasping BehaviOur and the fOrelimB
The main long bones of the forelimb that co-vary with grasping behaviour are the humerus and radius, both of which are associated with rotatory motion at the wrist through their articulation and contribution to supination and pronation as well as attachment of the flexor musculature. Co-variation was strongest for the radius, the bone most implicated in pronation and supination of the forearm and hand (and thus in rotational movements). Such a result has also been Figure 1 . Results of the two-block partial least-squares analysis between humeral shape and grasping behaviour for the analysis performed on the whole data set. Scatter plot of the first partial least-squares axes describing the co-variation between the shape of the humerus and grasping behaviour. Colours of circles represent families to which each species belongs: red, Lemuridae; light green, Daubentoniidae; dark blue, Galagidae; grey, Indriidae; yellow, Cheirogalidae. Humeral shapes (left side) associated with each minimum and maximum of co-variation are illustrated in blue and red, respectively, while grey represents the intermediate shape, at the bottom of the scatter plot. Grasping behaviour loadings associated with humeral shape co-variation are represented by the bar plot to the left of the scatter plot. Behaviours used to grasp big items are represented in grey and those used to grasp small items in light green. Abbreviations: O, oral; U, unimanual; MU, mouth-unimanual; MB, mouth-bimanual; B, bimanual. observed in other mammals based on using simplified grasping ability categories (Sargis, 2002; Antón et al., 2006; Candela & Picasso, 2008; Flores & Díaz, 2009; Fabre et al., 2013b) . Our results indicating that the ulna does not show significant co-variation with grasping behaviour suggests that the shape of the strepsirrhine ulna may be associated primarily with locomotor behaviours rather than a combination of locomotion and manipulation.
A pattern emerges when looking at the co-variation between grasping behaviour and the shape of the humerus and radius. A separation can be seen between the slender loris (Loris tardigradus) in contrast to all other species. The slender loris mainly uses one hand to grasp big items and one or two hands to grasp small food items. The long bone shape associated with this species is markedly more gracile. This trend persists in other species as well, with those species that more commonly use one-handed grasps tending toward a position like that of Loris (Figs 1, 3) . It is possible that more robust and restricted features constrain movement in other species examined here, especially those situated towards the extreme of the PLS axes, while in those species that use more one-handed grasps, such as Loris, the gracile, mobile features allow a greater range movement during locomotion (Preuschoft, 2002; Lemelin & Schmitt, 2007 ) and grasping as already described in other studies (Sargis, 2002; Antón et al., 2006; Candela & Picasso, 2008; Flores & Diaz, 2009; Fabre et al., 2013b) . In contrast, Figure 2 . Results of the two-block partial least-squares analysis between humeral shape and grasping behaviour for the analysis performed on the dataset without the slender loris (Loris tardigradus). Scatter plot of the first partial least-squares axes describing the co-variation between humeral shape and grasping behaviour. PColours of circles represent families to which each species belongs: red, Lemuridae; light green, Daubentoniidae; dark blue, Galagidae; grey, Indriidae; yellow, Cheirogalidae. Humeral shapes (left side) associated with each minimum and maximum of co-variation are illustrated in blue and red, respectively, while grey represents the intermediate shape, at the bottom of the scatter plot. Grasping behaviour loadings associated with humeral shape co-variation are represented by the bar plot to the left of the scatter plot. Behaviours used to grasp big items are represented in grey and those used to grasp small items in light green. Abbreviations: O, oral; U, unimanual; MU, mouth-unimanual; MB, mouth-bimanual; B, bimanual. a gradient of different grasping behaviours associated with different bone shapes can be seen for those species that mainly use oral, combined oral-unimanual or combined oral-bimanual behaviours to grasp big items, and oral and combined oral-unimanual behaviours to grasp small items. The bone shape associated with these grasping behaviours is more robust with a strong diaphysis and crest and with articulations that appear more efficient for load-bearing, as described in other species of mammals having less well-developed grasping abilities (Szalay & Sargis, 2001; Fabre et al. 2013b) . Specifically, the articulation surface appears more expanded, resulting in a larger surface area and thus in lower stresses for a given force that is being transmitted through the joint, and thus it has less impact on the shape analysis presented here. Our results were not driven only by the difference between the slender loris (Loris tardigradus) and other species, all the analyses were also conducted without it. All the results are strikingly similar (see Figs 2, 4) and can be explained by the fact that other lorises are still included in this dataset (Nycticebus). These species have a similar shape of the forelimb as well as similar behavior, and as such drive the observed association.
Some limitations are inherent to this kind of analysis because animals coming from zoos and research facilities may exhibit different behaviours, in some respect, to those living in the wild. One solution Figure 3 . Results of the two-block partial least-squares analysis between radial shape and grasping behaviour for the analysis performed on the whole data set. Scatter plot of the first partial least-squares axes describing the co-variation between radial shape and grasping behaviour. Colours of circles represent families to which each species belongs: red, Lemuridae; light green, Daubentoniidae; dark blue, Galagidae; grey, Indriidae; yellow, Cheirogalidae. Radial shapes (left side) associated with each minimum and maximum of co-variation are illustrated in blue and red, respectively, while grey represents the intermediate shape, at the bottom of the scatter plot. Grasping behaviour loadings associated with radial shape co-variation are represented by the bar plot to the left of the scatter plot. Behaviours used to grasp big items are represented in grey and those used to grasp small items in light green. Abbreviations: O, oral; U, unimanual; MU, oralunimanual; MB, oral-bimanual; B, bimanual.
would be to perform co-variation analyses including the same individuals for both behavioural and shape analyses. This might reveal even stronger co-variation patterns. However, given the difficulty of obtaining in vivo computed tomography data on strepsirrhines and given ethical concerns, this is not possible at this stage. Nevertheless, collecting osteological remains of animals living in captivity and for which long-term behavioural data have been collected may be possible.
Our study complements previous studies by quantifying the relationships between long bone shape and grasping behaviour during feeding (Whishaw et al., 1992; Whishaw & Coles, 1996; Gray et al., 1997; Iwaniuk & Whishaw, 2000; Manzano et al., 2008; Fabre et al., 2013b; Sustaita et al., 2013) . Co-variations are observed between grasping behaviour and the shape of the humerus and radius. The humeral and radial shapes appear to reflect most strongly a greater degree of mobility during pronation and supination, which probably facilitates the unimanual and bimanual grasping behaviours used by strepsirrhines. These results quantitatively confirm predictions from previous studies on bone shape in relation to grasping ability (Whishaw et al., 1992; Whishaw & Coles, 1996;  Figure 4. Results of the two-block partial least-squares analysis between radial shape and grasping behaviour for the analysis performed on the dataset without the slender loris (Loris tardigradus). Scatter plot of the first partial leastsquares axes describing the co-variation between radial shape and grasping behaviour. Colours of circles represent families to which each species belongs: red, Lemuridae; light green, Daubentoniidae; dark blue, Galagidae; grey, Indriidae; yellow, Cheirogalidae. Radial shapes (left side) associated with each minimum and maximum of co-variation are illustrated in blue and red, respectively, while grey represents the intermediate shape, at the bottom of the scatter plot. Grasping behaviour loadings associated with radial shape co-variation are represented by the bar plot to the left of the scatter plot. Behaviours used to grasp big items are represented in grey and those used to grasp small items in light green. Abbreviations: O, oral; U, unimanual; MU, oral-unimanual; MB, oral-bimanual; B, bimanual. Gray, 1997; Iwaniuk & Whishaw, 2000; Manzano et al., 2008; Fabre et al., 2013b Fabre et al., , 2017 Sustaita et al., 2013) . The shape of the radius shows the strongest degree of co-variation with grasping behaviour, thus confirming the important role of this bone -which allows rotation of the forelimb and thus hand position adjustment during grasping. These results are promising and will contribute to further improve our understanding of the origin and evolution of grasping and forelimb shape in mammals. The strong co-variation observed between grasping behaviour and both humeral and radial shape suggests that the shape of these bones constrains and/or facilitates this behaviour. It also suggests that these bones can be used to reconstruct the grasping behaviour in extinct species and, thus, to better understand the evolution of this key behaviour and possibly even to distinguish between species that predominantly use manual grasping versus those that grasp items using their mouth. This promising result may allow us to infer grasping behaviour based on humeral and radial shape in extinct species.
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